Introduction
Solar radiation reaching the Earth's surface is the primary energy source for life on our planet (Wild et al., 2005) . Terrestrial plant photosynthesis tends to increase with global radiation (Mercado et al., 2009) , which can be divided into two components, the direct and the diffuse (Lauret et al., 2010) . The diffuse radiation represents the shortwave energy of solar origin scattered downwards by gas molecules, aerosols, water vapor and clouds in the atmosphere (Bhattacharya et al., 1996) . Due to its effective penetration to lower depths of the canopy (Urban et al., 2007) , diffuse radiation can reduce the photosynthetic saturation of the canopy as a whole and increase the canopy light use efficiency (LUE) compared to direct radiation (Kanniah et al., 2012; Farquhar and Roderick, 2003) , which enhances the terrestrial carbon sink (Gu et al., 2002 (Gu et al., , 2003 Alton et al., 2007; Urban et al., 2007; Mercado et al., 2009; Zhang et al., 2010 Zhang et al., , 2011 . This is known as the diffuse radiation fertilization effect (Roderick et al., 2001) . It is also likely to have implications for carbon sequestration of vegetation by affecting evapotranspiration (ET), which is a key component of the climate system linking the hydrologic, energy and carbon cycles (Oliveira et al., 2011; Kanniah et al., 2012) . The explicit treatment of diffuse radiation in ecological models is needed to accurately simulate the carbon dynamics of terrestrial ecosystems, given the influence of diffuse radiation on LUE and ET (Gu et al., 2003; Mercado et al., 2009; Kanniah et al., 2012) . So understanding the spatial and temporal variations of diffuse radiation is critical to estimate the impact on the carbon balance of terrestrial ecosystems.
Diffuse radiation is not generally measured and the data are limited by conventional ground-based measurements,
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thus often estimated from global radiation. Many radiation decomposition models have been developed to estimate the daily diffuse fraction, defined as the ratio of diffuse radiation to global radiation, using various predictors, such as the clearness index, sunshine percentage and cloud cover (Liu and Jordan, 1960; Page, 1961; Iqbal, 1979 Iqbal, , 1980 Erbs et al., 1982; Skartveit and Olseth, 1987; Reindl et al., 1990; Boland et al., 2001 Boland et al., , 2008 . The clearness index is defined as the ratio of the daily terrestrial global radiation on a horizontal surface to the daily extraterrestrial radiation on that surface (Liu and Jordan, 1960) . It is a general indicator of the absorbing and scattering during the transmission of radiation in atmosphere, more objective than cloud cover because it does not depend on visual perceptions (Che et al., 2005) . Liu and Jordan (1960) first found the correlation between daily diffuse fraction and the clearness index, and then many piecewise polynomials with different forms were established to predict diffuse radiation using the clearness index. For example, Erbs et al. (1982) proposed forth power polynomials and Reindl et al. (1990) developed a linear function. Boland et al. (2001) established a logistic model to substitute piecewise linear or nonlinear functions. Lauret et al. (2010) validated the Boland model with measurement data that include Northern as well as Southern Hemisphere sites, and compared it with several previous models. The results showed that the Boland model had better or similar performance than the other models but with a simpler expression.
Trends of solar radiation have received prominent attention in the world (Stanhill and Cohen, 2001; Wild et al., 2005; , but far less studies have investigated the variations of diffuse radiation. As for China, Lin et al. (1996) showed the distribution patterns of annual and seasonal diffuse radiation in Yunnan province. Zhang et al. (2004) found an increasing trend of diffuse radiation in three stations of eastern China for the period of 1961 to 1990. Che et al. (2005) analyzed the variability of diffuse radiation based on observational data at 64 stations, and found no significant trend in annually-averaged diffuse radiation from 1961 to 1990, but a significant declining trend after 1980. Liang and Xia (2005) studied the long-term trends of 42 first class pyranometer stations, concluding that the spatial patterns of observed trends in diffuse radiation are complex and inhomogeneous from 1961-2000. Shi et al. (2008) tested a set of quality assessments on the observational data, and found no obvious trend in diffuse radiation either. Guo et al. (2009) found that the trends of diffuse radiation are decreasing in the west and increasing in the east, based on observational data from 12 sites. Ma et al. (2011) concluded that the majority of 14 sites in China have downtrends in 1990s. However, all of these studies focused on the site scale (Lin et al., 1996; Che et al., 2005; Zhang et al., 2004; Liang and Xia, 2005; Shi et al., 2008; Ma et al., 2011; Guo et al., 2009) , making the results subject to the selection of research sites. It is urgent to initiate the regional scale research of the spatial and temporal variability of diffuse radiation in China, thereby promoting the regional scale modeling of ecosystem processes.
The purpose of this study is to explore the spatiotemporal characteristics of diffuse radiation from 1981 to 2010 at the regional scale in China. Firstly, we calculate daily diffuse radiation based on measurement data of meteorological stations, and produce the spatial data of monthly diffuse radiation through spatial interpolation technique. Secondly, spatial patterns and temporal trends of diffuse radiation are analyzed using the spatial analysis method and trend analysis techniques. In the end, the potential factors that affect diffuse radiation are discussed, such as clouds and aerosols, and then we calculate and analyze the spatial data of global radiation, diffuse fraction and the clearness index to explore the possible causes of spatiotemporal variations of diffuse radiation in China.
Data and methods

Data and quality control
The dataset used in this study includes daily sunshine duration, daily global radiation, daily diffuse radiation, and DEM (Digital Elevation Model) data. The sunshine duration and radiation data were recorded all across China from 1981 to 2010, provided by the China Meteorology Administration (CMA). Daily sunshine duration is observed at 756 meteorological stations and daily global radiation is measured at 122 radiation stations (Fig. 1) . Due to the adjustment of radiation stations in 1993, the number of radiation stations observing diffuse radiation dropped from more than 70 to 17 after 1993. There are 81 stations that have more than 1-year record of diffuse radiation during the period of 1981 to 2010 (Fig. 1) . The spatial resolution of The DEM data is 500 m ×500 m, provided by Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences.
The CMA has performed some basic quality checks on the observational data (Shi et al., 2008) , and we further checked the data for each station based on the following criteria: (1) daily sunshine duration cannot exceed the possible sunshine duration; (2) daily global radiation (Q) must be smaller than extraterrestrial radiation (Q ), which is calculated according to the latitude of each station and day of year; and (3) daily diffuse radiation (Q d ) cannot be bigger than global radiation, and have to satisfy two additional conditions for overcast skies and clear skies (Reindl et al., 1990) in Eq. (1).
(1)
Calculation of diffuse radiation
The coverage of diffuse radiation stations is limited in China, thus we have to use the radiation decomposition model to derive more diffuse radiation data from global radiation data. Chen et al. (2004) calibrated several global radiation estimation models based on sunshine or air temperature, and found that the daily global radiation was estimated more accurately using sunshine-based models. The simple Angstrom model (Angstrom, 1924 ) (Eq. 2) is one of them, and provided good results in China . So we picked the Angstrom model to calculate daily global radiation. The parameters of Angstrom model were estimated using daily global radiation and sunshine duration data at 122 radiation stations, and then we utilized sunshine duration data of 756 meteorological stations to calculate the global radiation of all these stations.
In Eq. (2), n and N represent actual sunshine duration and possible sunshine duration, respectively; and a, b are undermined coefficients. The daily possible sunshine duration is calculated according to the latitude of each station and day of year. The second step is the calculation of diffuse radiation. Lauret et al. (2010) validated the Boland model (Boland et al., 2008 (Boland et al., , 2001 ) (Eq. 3) with data from several sites of Europe, Africa, Australia and Asia, including the site of Macau, China, and found that the model had good performance and simpler form. So we used the Boland model to calculate daily diffuse radiation in this study. We estimated the parameters of the Boland model using data of radiation stations, which measure both diffuse radiation and global radiation, after which daily diffuse radiation of 756 stations were derived.
In Eq. (3), c and d are undetermined parameters. It should be noted that China has extraordinary spatial heterogeneous topography and climate, so we estimate the parameters of the Angstrom model and the Boland model of northwest China, Inner Mongolia, northeast China, north China, central China, south China, southwest China, and Qinghai-Tibet Plateau separately, according to the conventionally accepted eight geographical regions of Chinese Physical Geography Division (Fig. 1 ).
Spatialization of diffuse radiation
We use ANUSPLIN software (Hutchinson, 2001) to interpolate monthly diffuse radiation data in China with 10 km × 10 km spatial resolution from 1981 to 2010. ANUS-PLIN is a widely used spatial interpolation package, developed by the Center for Resource and Environmental Studies at the Australian National University (Hutchinson, 1998a (Hutchinson, , b, 1995 Hijmans et al., 2005) . It implemented thin plate smoothing splines, allowing the incorporation of covariates in addition to the independent spline variables, and can estimate the prediction standard errors (Hutchinson, 2001) . The specific steps of the interpolation in this study are as follows.
Firstly, daily diffuse radiation was scaled to monthly data, and the DEM data is resampled from 500 m × 500 m to 10 km × 10 km using ArcGIS software. Secondly, we used three-dimensional spline to interpolate monthly diffuse radiation, with latitude and longitude as the independent variables and elevation as the covariate. The mean prediction standard errors all across China are around 4 %. Thirdly, we calculated the annual spatial diffuse radiation using map algebra in the ArcGIS platform based on the monthly spatial diffuse radiation data, which was just derived.
Trend analysis method of diffuse radiation
Mann-Kendall trend analysis technique (Wei, 1999; Wang and Liang, 2006) was used to analyze the temporal variations of spatial diffuse radiation from 1981 to 2010. It is a non-parametric statistical test method, not easily affected by the distribution and outliers in the data compared to the traditional parametric statistical test methods (Wang and Liang, 2006) . So it has been widely used in time series analysis, especially in the analysis of environmental and climatic data (Wei, 1999) . The details of the method are as follows: 
In Eq. (5), S denotes the test statistic and x is a data value in the time series with length of n; S is approximately normally distributed, and its expectation and variance are given in Eqs. (4) and (5). In Eq. (6), Z is the standardized test statistic calculated from S. There will be statistically significant trends in the data if |Z| ≤ Z 1−α/2 , where Z 1−α/2 denotes the value in the normal distribution table with confidence level of α.
The estimation of the slope of the trend (β) is described by Eq. (9), in which x j and x i denote data values in time series of x with length n, and i is an integer from 1 to n − 1 and j is from i +1 to n. Positive values of β refer to increasing trends, while the time series is decreasing when β is negative.
3 Results
Model parameterization and validation
We estimated the parameters of the Angstrom model and the Boland model, and validated the performance of the models in different regions of China. In order to expand the models to more sites and years, we checked the site and time independence of the models using leave-one-out method for cross validation. Specifically, taking time expansion, for example, the data of 29 years were used for training and the last one year data was used for evaluation. This process was repeated 30 times, leaving out one different year's data for each evaluation interation. From this, we can derive the average performance of time expansion. Tables 1 and 2 show the results, including estimated values of the parameters, correlation coefficient (R) and root mean square error (RMSE) of the models. On the whole, both models perform well in all regions of China. Almost all the correlate coefficients exceed 0.9 and 0.8, and RMSEs are less than 3 MJ day −1 and 2 MJ day −1 for the Angstrom model and the Boland model, respectively. However, the model performance is relatively poor in the Qinghai-Tibet Plateau, which might be caused by the large differences in climatic conditions among the sparse stations there.
The estimated values of parameters for the two models (Tables 1 and 2 ) are compared with previous studies (Boland et al., 2008; Zhu et al., 2010; Sun et al., 1992) . For the Angstrom model, the estimated parameters in different regions are very close to those reported by Zhu et al. (2010) , and the mean values of eight regions (0.19, 0.54) are almost the same as the averages of China as a whole (0.19, 0.55) given by Sun et al. (1992) . The differences of the specific values may be caused by the different time periods of the data used. The fitted values of parameters of the Boland model differ widely from those (−5.00, 8.60) estimated by Boland et al. (2008) , because the research data are from sites in different areas.
Spatial patterns of diffuse radiation
The spatial patterns of perennial average of annual diffuse radiation during the period of 1981 to 2010 are revealed in Fig. 2 , which are complex and inhomogeneous across China. The nationwide annual diffuse radiation ranges from 1730.20 to 3064.41 MJ m −2 yr −1 , with an average value of 2476.98 MJ m −2 yr −1 , which is close to the value of 2444.04 MJ m −2 yr −1 calculated by Che et al. (2005) . In general, the diffuse radiation is lower in the north, and higher in the south and west, consistent with the study conducted by Liu et al. (2007) and Guo et al. (2009) . The Tarim Basin and the southeast of Qinghai-Tibet Plateau are high value areas, while the Sichuan Basin is a low value center across China. western part of northwest China has much higher diffuse radiation than the eastern part, and there are some small areas of low diffuse radiation in the north (around Tsaidam Basin) and west of the Qinghai-Tibet Plateau. The spatial distribution of seasonal diffuse radiation is presented in Fig. 3 , where spring, summer, autumn and winter are represented by April, July, October and January, respectively. Summer has the maximum amount of diffuse radiation, with pixel-averaged value of 297.60 MJ m −2 month −1 ; and winter has the minimum, with average value about 120.13 MJ m −2 month −1 . Spring and autumn are in between summer and winter, with average value of 245.14 MJ m −2 month −1 and 169.39 MJ m −2 month −1 , respectively. The spatial patterns of the diffuse radiation in spring, autumn and winter are roughly similar to that of annual diffuse radiation, and the main differences are in the middle and lower reaches of the Yangtze River (Fig. 3a, c and  d) . The quantity of diffuse radiation in summer has the most distinctive spatial pattern (Fig. 3b) , as its magnitude in the northern region is no longer less than the southern in general. 98, 245.14, 297.6, 169.39 and 120.13, respectively. 
Interannual variation trend of diffuse radiation averaged over China
The quantities of annual and seasonal diffuse radiation were averaged over all grids in China through map algebra in ArcGIS, aiming to acquire the interannual variability of mean Shi et al. (2008) . Then it increases dramatically in 1991 and 1992, and peaks in 1992. After that it decreases fast to a relatively high value, compared to the low value through in 1990, until 1995. Afterwards, the diffuse radiation keeps increasing with fluctuations (Fig. 4a) . The diffuse radiation of all seasons have increasing trends except spring (Fig. 4b-e) , and only the trends of summer and autumn are statistically significant (Table 3 ). The summer has the most evident ascending trend of diffuse radiation (Fig. 4c) , with amplitude of 1.48 MJ m −2 month −1 per decade, and autumn's increasing trend is obvious too (Fig. 4d) , with amplitude of 1.47 MJ m −2 month −1 per decade. These two seasons play important roles in the temporal dynamics of annual diffuse radiation. Winter has a slightly increasing trend of 0.24 MJ m −2 month −1 per decade (Fig. 4e) . Unlike other seasons, spring has a minor opposite trend (Fig. 4b) , with decreasing amplitude of 0.30 MJ m −2 month −1 per decade.
Spatial distribution of the temporal variability of diffuse radiation
The spatial distribution of the temporal variability of annual diffuse radiation shows significant regional heterogeneity in the last 30 years, with the south increasing and the North China, central China and south China have rising annual diffuse radiation, especially obvious in the Shandong Peninsula, the middle and lower reaches of the Yangtze River and Guangdong province, with increasing rates at 1 %-3 % per decade. In these eight regions of China, Qinghai-Tibet Plateau has the most obvious increasing trend of annual diffuse radiation with highest increasing rate up to 9 % per decade, and the northwest China has the most evident decreasing trend with highest decreasing rate of more than 6 % per decade. There are significant seasonal differences in the spatial distribution of the temporal variability of diffuse radiation in China from 1981 to 2010 (Fig. 6 ) in addition to the regional heterogeneity just mentioned (Fig. 5) . The overall spatial patterns of variations of seasonal diffuse radiation are roughly similar to the distribution of annual diffuse radiation, but the changing rates and areas are much more different. Significant decreasing areas of diffuse radiation dominate in spring, while the areas of upward trends exceed the downtrends obviously in summer and autumn, and the increasing amplitude is much larger than annual diffuse radiation. In winter, the area of uptrend is slightly larger than that of downtrend, representing a minor rise of diffuse radiation. This is consistent with the interannual variation of pixel-averaged diffuse radiation all across China (Fig. 4) Specifically, in spring, the variation trend of the eastern region of China is not statistically significant, but the northwest China region has a significant downward trend (Fig. 6a) . When it comes to summer, the declining areas in northwest China reduce notably, and even some uptrend areas emerge. The eastern region of China also begins to have significant increasing trends (Fig. 6b) . In autumn, the areas with obvious increasing trends expand further, mainly concentrated in central China, and the ascending areas of Qinghai-Tibet Plateau also increase substantially (Fig. 6c) . But in winter, central China changes back, with no significant changing trend again. The northeastern part of China showed the most significant downtrend in winter (Fig. 6d) .
Ann
Discussion
There are many factors influencing diffuse radiation, such as extraterrestrial radiation, greenhouse gases (GHGs), clouds and aerosols (Che et al., 2005; Kanniah et al., 2012) . Extraterrestrial radiation is determined by solar constant and geographical latitude, and the variation of solar constant is negligible, with changing amplitude of only about 1.36 W m −2 (Zhu et al., 2010; Lean, 1997) . Unlike the greenhouse gases, which are distributed almost uniformly over the globe, clouds and aerosols have substantial spatial and temporal variations (Ramanathan et al., 2001) . Therefore, all the factors determine the spatial distribution of diffuse radiation all together, but only clouds and aerosols are the main variables affecting the spatial and temporal variations of diffuse radiation (Kanniah et al., 2012) .
Clouds and aerosols can influence the total and partitioning of solar radiation into direct and diffuse components (Kanniah et al., 2012) , namely global radiation and diffuse fraction. Understanding the characteristics of clouds and aerosols is critical to predict the variations of diffuse radiation. Atmospheric aerosols can be categorized into sulfates, carbonaceous (organic and black carbon) particles, sea salt and mineral dust (Kanniah et al., 2012; Menon et al., 2002) , and the sources involve volcanic eruptions (Farquhar and Roderick, 2003; Gu et al., 2003) , human activities (Kvalevag and Myhre, 2007) and so on. Pure sulfate aerosols primarily scatter solar radiation, and produce much more diffuse radiation without reducing the total radiation substantially, while carbonaceous aerosols both absorb and scatter solar radiation (Ramanathan et al., 2001) . In addition to the direct radiative forcing, aerosols also have indirect effects on diffuse radiation through their modification of cloud properties (Mercado et al., 2009; Qian and Giorgi, 2000) . Increases in cloud cover and scattering aerosols enhance the diffuse fraction of the radiation reaching the surface, whereas increasing concentrations of absorbing aerosols just reduce the total solar radiation (Mercado et al., 2009) .
Overall, the relative importance of aerosols, clouds, and aerosol-cloud interactions may differ depending on region, season or pollution level , and the net effect of clouds and aerosols on diffuse radiation depends on a balance between the reduction in global radiation and the enhancement in the diffuse fraction. We therefore calculated and analyzed the spatial data of extraterrestrial radiation, global radiation, clearness index and diffuse fraction with the same procedure as diffuse radiation, for the purpose of exploring the reasons of the spatial distribution and temporal variability of diffuse radiation.
Cause for the spatial patterns of diffuse radiation
The spatial patterns of annual diffuse radiation in China should be consistent with that of extraterrestrial radiation, which decreases with increasing latitude (figures not shown), if there are no impacts from other factors. However, the actual spatial patterns of annual diffuse radiation in China are complex and inhomogeneous (Fig. 2) due to the effects of clouds and aerosols on global radiation and diffuse fraction. (Fig. 7) , while the diffuse fraction ranges from 24.27 % to 74.62 %, higher in the southeastand lower in other regions (Fig. 8) . Taken together, these lead to lower diffuse radiation in the north, and higher diffuse radiation in the south and west (Fig. 2) . The carbonaceous aerosols in China are mostly concentrated in the areas south to the Yellow River and east to the Tibetan Plateau, and the Sichuan Basin even has the highest value because of its special geographical and climatic conditions (Su and Wang, 2009; Su et al., 2010) . Meanwhile, most areas of the southern part of China have higher cloud cover (above 65 %) than the northern part, especially in the Sichuan Basin (higher than 75 %) (Duan and Liu, 2011) . This leads to relatively high diffuse fraction in central China (Fig. 8) , but the global radiation is reduced much more (Fig. 7) . Accordingly, the diffuse radiation is relatively low in the middle and lower reaches of the Yangtze River, and the Sichuan Basin even becomes a low value center of diffuse radiation in China (Fig. 2) .
In the Qinghai-Tibet Plateau, the cloud cover is relatively low (Duan and Liu, 2011) , and the concentration of aerosols is also low because the population is much smaller and the region's industry is less developed than other regions of China Ann. Geophys., 31, 277-289, 2013 www.ann-geophys.net/31/277/2013/ ( Su and Wang, 2009) . Therefore, although the global radiation is highest in the Qinghai-Tibet Plateau (Fig. 7) , the diffuse radiation is not so rich (Fig. 2) because of the very low diffuse fraction (Fig. 8) . However, extremely high diffuse radiation exists in the southeast foot (Fig. 2) . This may contribute to the cross-country transportation of aerosols through southwest monsoon, which makes the southeast foot a high value center of aerosols in China (Su and Wang, 2009; Su et al., 2010) , thereby reducing the global radiation (Fig. 7) but enhancing the diffuse fraction even more (Fig. 8) .
As for seasonal diffuse radiation, the spatial patterns of the diffuse radiation in spring, autumn and winter are roughly similar to that of annual diffuse radiation, but the distribution in summer is much different (Fig. 3) . In this case, the extraterrestrial radiation is the main reason for the difference. The quantity of extraterrestrial radiation increases with decreasing latitude in spring, autumn, winter and the year as a whole, but it is not the same in summer (figures not shown) because of the change of solar declination. The ex- 48.47, 48.52, 46.48, 50.92 and 49.43, respectively. traterrestrial radiation in summer peaks and then decreases, from north to south in China. And the extraterrestrial radiation is the basis of diffuse radiation, so the diffuse radiation in summer has its distinctive spatial pattern compared to other seasons and the year as a whole.
Cause for the temporal variation of diffuse radiation
The interannual variability of diffuse radiation primarily depends on the variations of diffuse fraction and global radiation, which can be represented by the clearness index. 01, 47.42, 51.10, 42.65 and 43.88, respectively. consistent with the negative correlation between the diffuse fraction and clearness index (Liu and Jordan, 1960) .
The trend of annual clearness index is decreasing with the rate of 0.08 % per decade (Fig. 9a, Table 4 ), while that of annual diffuse fraction is increasing with the rate of 0.21 % per decade (Fig. 10a, Table 5 ) during the period of 1981 to 2010. Because the changing rate of diffuse fraction is much larger than that of the clearness index, the annual diffuse radiation has shown an upward trend similar to diffuse fraction in recent 30 years (Fig. 4a) . As for seasonal scales, the clearness index of all seasons exhibits downward trends except for spring ( Fig. 9b-e) , whereas the diffuse fraction exhibits upward trends for all seasons except spring (Fig. 10b-e) . From Tables 4 and 5, we can see that the changing rates of diffuse fraction are larger than those of the clearness index in all seasons, so the trends of seasonal diffuse radiation are consistent with those of diffuse fraction (Fig. 4b-e) . Meanwhile, the changing rates of diffuse fraction in summer and autumn are 0.52 % per decade and 0.49 % per decade, respectively, much Table 3 ).
Although an overall uptrend is observed in these examined 30 years of 1981-2010, the annual diffuse radiation has a distinct declining trend from 1981 to 1990 along with anomalously high values in 1982-1983, and extremely fast increases in 1991-1992 (Fig. 4a) . As China has experienced significant decreases in cloud cover over the last several decades (Wu and Liu, 2011; Qian et al., 2006; Kaiser, 2000) , cloud cover cannot be the main factor influencing the variation of diffuse radiation in recent 30 years. Wang et al. (2012) proved that the spatiotemporal changes in sunshine hours in China could largely be explained by API (air pollution index), which is a representative index of aerosols and positively relates with diffuse fraction. Additionally, Guo et al. (2011) and de Meij et al. (2012) showed that there is no apparent trend in aerosols in the 1980s, but a significant uptrend was observed in the 1990s and the first ten years of the 21st century. Meanwhile, Zhang et al. (2012) found that scattering aerosols are majorities of the total aerosols in China in most circumstances. Therefore, it seems reasonable to attribute the overall increase and decline in the 1980s of diffuse radiation to aerosols.
The anomalies in 1982, 1983, 1991 and 1992 (Fig. 9a) and a much larger increase of 0.8 % in annual diffuse fraction (Fig. 10a) (Blumthaler and Ambach, 1994; Farquhar and Roderick, 2003; Mercado et al., 2009; Gu et al., 2003) , such as solar radiation and carbon cycle. The 1991 eruption of Mount Pinatubo in the Philippines released about 20 million tons of sulfur dioxide gas into the lower stratosphere up to 30 km altitude (Blumthaler and Ambach, 1994) . The consequent aerosol concentration in the atmosphere was the strongest it had been since the 1883 eruption of Krakatoa (Blumthaler and Ambach, 1994) , and greatly increased diffuse radiation worldwide the following 2 years (Mercado et al., 2009) . Therefore, there was also a dramatically increasing trend of annual diffuse radiation in 1991 and 1992 (Fig. 4a) . After 1992, the impact of the eruption gradually dissipated, along with the decline of diffuse radiation in China before 1995 (Fig. 4a) . As a result of the increasing trend of aerosols in the 1990s and the first ten years in the 21st century in China (Guo et al., 2011; de Meij et al., 2012) , the annual diffuse radiation in 1995 is far greater than the value of the bottom in 1990, and the uptrend occurs afterwards.
Conclusions
We calculated the spatial data of monthly and annual diffuse radiation from 1981 to 2010, and analyzed the spatial patterns and temporal variability of annual and seasonal diffuse radiation in China. We found that 1. The spatial patterns of perennial average of annual diffuse radiation during 1981-2010 are complex and inhomogeneous in China, lower in the north and higher in the south and west on the whole, which can contribute to the effects of clouds and aerosols on global radiation and diffuse fraction. The perennial average ranges from 1730.20 to 3064.41 MJ m −2 yr −1 across the whole country, with mean value of 2476.98 MJ m −2 yr −1 . Summer exhibits the maximum quantity and most distinctive spatial pattern of diffuse radiation due to the distribution of extraterrestrial radiation.
2. There is a significant increasing trend of annual diffuse radiation in China from 1981 to 2010 on the whole, with a distinct downtrend in the first 10 years. The mean increasing amplitude of annual diffuse radiation was 7.03 MJ m −2 yr −1 per decade. There are evident anomalies in 1982, 1983, 1991 and 1992, due to the El Chinchon eruption in 1982 and the Pinatubo eruption in 1991. Also, the variation trends of diffuse radiation of all seasons are upward except in the spring.
3. The spatial distribution of the variability of diffuse radiation showed significant regional and temporal differences in the 30 years between 1981-2010. The diffuse radiation in the southern areas of China increased, and decreased overall in the northern areas. The QinghaiTibet Plateau exhibited the most obvious increasing trend, while the northwest China region exhibited the most evident decreasing trend. Throughout the 30 years, the trends of most areas changed with the seasons.
This study examined the spatiotemporal variability characteristics of long-term diffuse radiation of China comprehensively. Although the procedures of data observation, model expansion and spatial interpolation would inevitably lead to some uncertainties, the spatial data still can reflect the spatial patterns and temporal trends of diffuse radiation in general. This will facilitate the explicit treatment of diffuse radiation in regional scale modeling of ecosystem processes.
